Low-dimensional magnetism in the mixed Cr valence spin-chain compound S^CrsOg 
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Sr4Cr30g is the n — 2 member of a family of quasi-one-dimensional compounds A n +2Tn+i03 n +3 
(A = Ca, Sr, or Ba, T = transition metal, and n — 1 — oo) having a crystal structure which 
consists of chains of nTO§ octahedra alternated by one TOq trigonal prism running along the c- 
axis. The chains are arranged on a triangular lattice in the afe-plane. We report the synthesis, 
structure, magnetization M versus magnetic field H, magnetic susceptibility \ versus temperature 
T and specific heat C versus T measurements on sintered and arc-melted poly crystalline samples of 
Sr4Cr3C>9. The \ data have a T depdendence which is typical of low-dimensional magnetic systems 
with dominant antiferromagnetic (AF) exchange interactions. Specifically, x(T) shows a broad 
maximum at T max w 200 K for the sintered pellet and T max ~ 265 K for the arc-melted sample, 
indicating the onset of short-range magnetic order. Below T = 15 K we observe 2 anomalies in the 
X(T) data for both samples suggesting the onset of long-range magnetic ordering. The corresponding 
anomalies in the C(T) data however are weak indicating that only a small amount of the expected 
magnetic entropy is recovered at the magnetic transitions and that strong short-range AF order 
exists above these temperatures. 
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I. INTRODUCTION 

There has been a lot of interest recently in the 
magnetism of the quasi-one-dimensional (Q1D) oxides 
A n +2T n +i0 3n+3 (A = Ca, Sr, and Ba, T = Mn-Zn, 
Rh, Ir, and Pt and n = 1 - oo ),L&2AfiiS£gi 9 i 10 i 11 i 12 . 13 i M 
The structure of these materials consists of TO3 chains 
built of repeating units of n face-sharing TOq octahedra 
and one face-sharing TOg trigonal prism running along 
the c-axis. These chains form a two-dimensional (2D) 
triangular lattice in the ab-plane i 1 ' 2 ' 17 ! 18 ' 19 ^ The mag- 
netic interactions in these materials are thought to be 
ferromagnetic along the TO3 chains and antiferromag- 
netic (AF) between chains i 3 ^^^ Most of the studies 
have been on n = 1 members of the series and interest- 
ing magnetic behavior has been reported. The magnetic 
susceptibility \ f° r the compound SraNilrOg shows an 
abrupt drop below T = 15 K and a singlet ground state 
has been suggested.— A similar magnetic behavior has 
been observed in the isostructural materials CaaCoRhOe 
and CasCoIrOg^ The magnetic behavior of Sr 3 CuPt06 
has been modeled by an S = 1/2 Heisenberg linear chain 
antiferromagnetic modeli 2 - The compound Ca3Co206 is 
the most studied member of this family of spin chain com- 
pounds and it has been shown to exhibit unusual mag- 
netic properties. The AF coupling between the chains 
and their triangular arrangement leads to frustration and 
a partially disordered antiferromagnetic state has been 
suggested where the Co spins within the C0O3 chains 
couple ferromagnetically and the chains act as single 
large Ising spins.- Below T ps 25 K two out of every three 
chains order ferromagnetically while one of the chains or- 
ders antiferromagnetically with respect to the other two 
chains. 6 '* 7 - At lower temperatures further complex mag- 
netic behavior has been reported and a partially disor- 
dered antiferromagnetic state has been suggested^ 7 -^ 

Only recently have the n > 2 members of this family 
been investigated for their magnetic, electrical and ther- 



mal properties i 9 ' 21 i 22 ' 23 i 27 

Very few compounds containing Cr in these structures 
have been studied. There is only one report of the 
synthesis and magnetic studies on the n = 1 materials 
Sr 3 TCr0 6 (T = In, Sc, Y, Ho-Yb, and Lu) containing 
Cr+ 3 .^i The magnetic behavior of these materials was 
consistent with Curie- Weiss law at high temperatures 
with antiferromagnetic interactions and a broad maxi- 
mum in x(T) is observed for some of the compounds 
with the temperature of the maximum being in the range 
Tmax = 15-25 Ki2i None of these materials were reported 
to undergo long range magnetic order down to 2 K. 

We have successfully synthesized the n = 2 compound 
Si^CrsOg containing Cr in a formal valence state of 
+3.33. The compound Sr 4 Cr30g was first prepared 
by Cuno et al. and its single crystal structure was 
reported^ The crystal structure is shown in Fig. [T] Fig- 
ure HJa) shows the Cr chains extending along the c-axis 
and Fig. QJb) shows the triangular arrangement of the 
chains in the a6-plane. There are 9 different crystallo- 
graphic Cr positions. Each unit cell consists of three 
inequivalent Cr03 chains and each chain is made up of 
three different Cr ions. Apart from the synthesis and 
crystal structure, an experimental study of the physical 
properties of this material has not been reported before. 

Herein we report the magnetic and thermal proper- 
ties of polycrystalline samples of S^CrsOg prepared by 
solid-state synthesis and by arc-melting. The magnetic 
susceptibility \ versus temperature T data show behav- 
ior typical of low-dimensional magnetic systems with a 
broad maximum at T max » 200 K for the sintered pel- 
let and T max w 265 K for the arc-melted sample. Be- 
low T = 15 K we observe two anomalies in the x(T) 
data suggesting the onset of long-range magnetic order- 
ing although the heat capacity C data show only weak 
features at these temperatures. The magnetization M 
versus magnetic field H data are linear at all tempera- 
tures. 
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FIG. 1: The crystal structure of Sr4Cr30g. The Cr atoms 
are shown as filled black spheres while the oxygen atoms are 
shown as open white spheres. The CrOe polyhedra are shown 
in grey. The Sr atoms have not been shown for clarity, (a) 
A segment of the crystal structure of S^CrsOg showing the 
Cr03 chains running along the c-axis. (b) The crystal struc- 
ture viewed along the c-axis showing the triangular arrange- 
ment of the Cr03 chains in the a6-plane. 



II. EXPERIMENTAL DETAILS 

Polycrystalline samples (^2 g) of Sr 4 Cr 3 09 were pre- 
pared by solid state synthesis. The starting materials 
used were SrC0 3 (99.99%, JMC) and Cr 2 3 (99.995%, 
MV Labs). The starting materials were taken to keep 
the Sr:Cr atomic ratio 4:3, mixed thoroughly in an agate 
mortar and the powder was placed in an AI2O3 crucible 
and reacted at 1100 °C for 24 hrs in a flow of industrial 
grade Ar containing about 1% air. The use of industrial 
grade Ar was needed to achieve the slight oxidation re- 
quired to synthesize the material. After this initial treat- 
ment a brick orange product is obtained. This material 
is ground into a fine powder and pressed into a 1/2" 
pellet and fired at 1200 °C in the above Ar atmosphere 
for 72 hrs with an intermediate grinding and pelletiz- 
ing step after the first 48 hrs. The resulting pellet is 
dark brown and well sintered. Part of the sintered pellet 
was arc-melted in high purity Ar atmosphere on a wa- 
ter cooled copper hearth. The arc-melted ingot was then 
annealed at 1200 °C in the industrial grade Ar atmo- 
sphere for 72 hrs to homogenize the sample. Powder X- 
ray diffraction patterns on both samples were obtained at 
room temperature using a Rigaku Geigerflex diffractome- 
ter with Cu Ka radiation, in the 29 range from 10 to 90° 
with a 0.02° step size. Intensity data were accumulated 
for 5 s per step. The x(T) and M(H) were measured 
using a commercial Superconducting Quantum Interfer- 
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FIG. 2: Powder X-ray diffraction data for the sintered pel- 
let (a) and arc-melted sample (b) of Sr4Cr309. The main 
peaks have been indexed using hexagonal lattice parameters 
to the trigonal S^NisOg structure. The lines through the 
data points are guides to the eye. 

ence Device (SQUID) magnetometer (MPMS5, Quantum 
Design) and the C(T) was measured using a commercial 
Physical Property Measurement System (PPMS5, Quan- 
tum Design). The dc four- probe resistivity was measured 
using the PPMS on a bar cut from the arc-melted sample. 
The data showed insulating behavior at low temperatures 
with p(300 K) = 22 ft cm and p(82 K) = 1 Mtt cm. 



III. RESULTS 

A. Structure of S^CrsOg 

Powder X-ray diffraction (XRD) patterns for the sin- 
tered pellet and annealed arc-melted samples are shown 
in Figs. Ufa) and (b), respectively. We obtain XRD pat- 
terns in which most of the lines matched the pattern 
of trigonal Sr4Cr 3 0g (space group P3, hexagonal lattice 
parameters a = 9.618 A, and c = 7.874 A) with 9 in- 
equivalent Cr positions, but some lines between 28 = 20° 
and 42° were absent. On the other hand, as shown in 
Fig. EJa), all the lines in the XRD pattern for our sam- 
ples could be indexed using the closely related trigonal 
Sr4Ni 3 0g structure (Space group P321, hexagonal lat- 
tice parameters a — 9.477 A, and c = 7.826 A) with 
5 inequivalent Ni positions * 25 ' 26 The overall structures 
of Sr4Cr 3 0g and Sr 4 Ni 3 0g are very similar with Cr0 3 
(Ni0 3 ) chains along the c-axis and a triangular arrange- 
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ment of the chains in the afr-plane. The difference be- 
tween the structures is that in Sr 4 Cr 3 09 some of the Cr 
atoms are located away from the center of the CrC>6 oc- 
tahcdra resulting in more inequivalent Cr positions in 
S^CraOg as compared to Ni positions in S^NiaOg. 

Rietveld refinement of the X-ray patterns gave the lat- 
tice parameters a = b = 9.601(2) A and c = 7.858(2) 
A for the sintered pellet and a = b = 9.610(1) A and 
c = 7.838(1) A for the annealed arc-melted sample. These 
values are in reasonable agreement with the above pre- 
viously reported values for Sr 4 Cr 3 0gJ£ It should be 
pointed out that only the lattice parameters, the peak 
profile parameters, and the atomic positions of the Sr 
and Cr were varied in the fits. When the fractional occu- 
pancies and thermal parameters were varied, the fits did 
not converge. 



B. Magnetization Measurements 

1. Magnetic Susceptibility 

The temperature dependence of the magnetic susceptibil- 
ities x = M/H between 1.8 K and 400 K for the sintered 
pellet and the arc- melted annealed samples of Sr^CraOg 
measured in an applied magnetic field H = 1 T are shown 
in Figs. E^a) and (b), respectively. The x(T) data for 
both samples show a behavior typical of low-dimensional 
antiferromagnetic systems with a broad maximum in 
X(T) at T max = 200 K and 265 K for the sintered pellet 
and arc-melted annealed samples, respectively, indicating 
large antiferromagnetic exchange interactions (~ 200 K- 
300 K) in this compound. The zero-field-cooled (ZFC) 
and field-coolded (FC) data measured at H = 100 Oe 
between T = 1.8 K and 35 K are shown in the insets 
in Figs. [3Ja) and (b) for the two samples, respectively. 
Two anomalies, at T = 13.5 K and 7.5 K, can be seen 
in the x(T) data for both samples and the ZFC and FC 
data for both samples bifurcate below the temperature 
of the first anomaly at T = 13.5 K. These anomalies 
may indicate the onset of long-range magnetic ordering 
in this material. The upturn in x(T) at the lowest tem- 
peratures could be due to the presence of small amounts 
of paramagnetic impurities in the samples. 

Although the qualitative behavior of x(T) for both 
samples is very similar, the absolute values of x(T) for 
the two samples are slightly different. This may be due to 
oxygen vacancies in the arc-melted sample where we had 
observed a small mass loss after melting. Oxygen deffi- 
ciency could lead to changes in the valance of Cr which 
could in turn lead to changes in the magnetic properties. 



2. Isothermal Magnetization versus Magnetic Field 

Figures Ufa) and (b) show the isothermal magnetization 
M versus magnetic field H measured at various tempera- 
tures T for the sintered pellet and arc-melted samples, re- 
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FIG. 3: (a) The magnetic susceptibility \ versus temperature 
T for the sintered pellet of S^CrsOg measured in an applied 
magnetic field H = 1 T. The inset in (a) shows the zero-field- 
cooled (ZFC) and field-cooled (FC) x( T ) data between 1.8 K 
and 35 K for the sintered pellet measured in H = 100 G. The 
two magnetic anomalies are indicated by the arrows, (b) y 
versus T for the arc-melted Sr4Cr30g sample measured in an 
applied magnetic field of 1 T. The inset in (b) shows the ZFC 
and FC x(T) data between 1.8 K and 35 K for the arc-melted 
sample measured in H — 100 G. The two magnetic anomalies 
are indicated by the arrows. 



spectively. The M(H) data for both samples are linear at 
all temperatures with no sign of curvature or saturation. 
The M(H) data at higher temperatures (not shown) are 
also linear. The fact that M does not saturate even at 
H = 6 T at 1.8 K may indicate that the upturn in x(T) 
at the lowest temperature is not due to paramagnetic 
impurities but may be intrinsic to the material. 



C. Heat Capacity 

The heat capacity C versus temperature T of the 
sintered pellet and annealed arc-melted samples of 
Sr4Cr30g between 1.8 K and 300 K are shown in 
Figs. [5ja) and (b), respectively. There is no anomaly 
in the C(T) data for either sample at T max where the 
maximum in x(T) was observed. The inset in Fig. E^a) 
shows the C/T versus T 2 data for the sintered pellet of 
Sr4Cr30g between 1.8 K and 23.5 K to highlight the data 
in the temperature range where the two magnetic anoma- 
lies were observed in the x(T) data in Fig. [3Ja). Only a 
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FIG. 4: Isothermal magnetization M versus magnetic field 
H at various temperatures for (a) the sintered pellet and (b) 
for the arc-melted samples of S^CrsOg. 



weak and broad anomaly with a maximum at T = 13 K 
is observed corresponding to the T — 13.5 K anomaly ob- 
served in the x{T) data. No obvious anomaly is observed 
in the C(T) data corresponding to the second magnetic 
anomaly that was seen in the x(T) data at T = 7.5 K. 
The inset in Fig. [5jb) shows the low temperature C/T 
versus T 2 data between 1.8 K and 19 K for the arc- melted 
annealed sample of S^CraOg. A single broad anomaly 
peaked at T = 7.5 K is observed corresponding to the 
lower temperature anomaly observed in the x{T) data in 
Fig. Efb) for this sample. We were unable to synthesize 
a non-magnetic material in this structure which could 
act as a reference compound for the lattice heat capacity 
and help in the extraction of the magnetic contribution 
to C(T) and the magnetic entropy associated with the 
anomalies observed in C(T). The weak features in the 
C(T) data could either suggest partial ordering as has 
been observed in other members of this family of spin- 
chain compounds^i 2 ^ r may indicate that most of the 
magnetic entropy is recovered over a wide temperature 
range above the long range ordering temperatures as in- 
dicated by the broad maxima in the x(T) data for these 
samples at 200-300 K. This observation is common in 
low-dimensional magnetic systems. 

To get an upper limit estimate of the magnetic entropy 
5 mag (T) recovered up to the transition at T =13.5 K we 
have computed the total magnetic plus lattice entropy 
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FIG. 5: (a) The heat capacity C versus temperature T for a 
sintered pellet of Sr4Cr309 between 1.8 K and 300 K. The 
inset in (a) shows the C/T versus T 2 data between 1.8 K and 
23.5 K. (b) C versus T of the arc-melted annealed sample of 
Sr4Cr30g between 1.8 K and 300 K. The inset in (b) shows 
the the C/T versus T 2 data between 1.8 K and 19 K. The 
arrows in (a) and (b) indicate the positions of the magnetic 
transitions. 

S(T) = jfg „[C(T)/T]dT between T = 1.8 K and 24 K as 
shown in Fig.[6]for both samples. The arrows in the figure 
indicate the temperatures where anomalies were observed 
in the x(T) data in Figs.^a) and (b). In Sr4Cr 3 0g, the 3 
Cr ions have a charge of +10. Assuming that the charge 
is distributed as two Cr +3 (spin s = 3/2) and one Cr +4 
(s = 1) the expected disordered magnetic entropy would 
be S 1Jiag = R[2 ln(4)+ln(3)] = 32.2 J/mol K. At T = 14 K 
we observe S = 1.0 J/mol K and S = 2.4 J/mol K for 
the sintered pellet and arc-melted samples, respectively. 
These estimates also include the lattice contribution thus 
giving upper limit estimates of S mstg and show that only 
a small fraction (< 7%) of the magnetic entropy is recov- 
ered at the magnetic ordering temperatures. 

The C(T)/T data of the sintered pellet of Sr 4 Cr 3 9 
between 1.8 K and 4 K are shown in Fig. [7] and could be 
fitted by the expression C/T = j + flT 2 . The fit shown as 
the solid line through the data in Fig. gave the values 
7 = 4.3(2) mJ/mol K 2 and (3 = 1.49(1) mJ/mol K 4 . The 
small but finite value of 7 in this insulating compound 
could arise from disorder or small amounts of impurity 
phases. We note that a large 7 ~ 100 mJ/mol K 2 has 
been observed for some other insulating low-dimensional 
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FIG. 6: The entropy S of the sintered pellet and the arc- 
melted samples of S^CraOg versus temperature T between 
1.8 K and 24 K. The arrows indicate the temperatures at 
which the anomalies in the x(^) data were observed. 

magnetic systems like L 2 Ru05 (L = Pr, Nd, Sm, Gd, and 
Tb)f2£ and Sr 5 Rli40i2i^ From the value of one can 
obtain the Debye temperature #d using the expression 29 
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where R is the molar gas constant and p is the num- 
ber of atoms per formula unit (p — 16 for S^C^Og). 
We obtain Od = 276(2) K for the sintered pellet of 
S^C^Og. This is an extremely low value for an ox- 
ide material. It must be noted that a T 3 temperature 
dependence of the heat capacity is also expected for 3- 
dimensional antiferromagnetic magnons below the anti- 
ferromagnetic transition temperature. Therefore, the j3 
obtained above has contributions from both the phonons 
and the AF magnons. Thus the #d estimated above from 
(3 is a lower limit estimate. This is consistent with the 
fact that even at T = 300 K the C for both samples (280- 
330 J/mol K) is smaller than the classical Dulong-Petit 
value C = 3pR = 399 J/mol K. 

The low temperature C (T) of the annealed arc- melted 
sample of Si^CrsOg could not be used to obtain 0u be- 
cause of the presence of the anomaly at 7.5 K. 



IV. DISCUSSION 

The results of our magnetic and thermal property 
measurements show that as expected from the structure 
Sr4CraOg shows low dimensional magnetic behavior with 
predominant antiferromagnetic interactions that are pre- 
sumably along the Cr chains. The Cr-containing n = 1 
materials Sr 3 TCr0 6 (T = In, Sc, Y, Ho-Yb, and Lu) 
also show evidence from Curie- Weiss magnetic suscepti- 
bility x(T) behavior at high T for antiferromagnetic ex- 
change interactions within the chains, and broad maxima 
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FIG. 7: The heat capacity of the sintered pellet of Sr4Cr309 
plotted as C/T versus temperature squared T 2 between 1.8 K 
and 4 K. The solid line through the data is a linear fit by the 
expression C/T = 7 + /3T 2 . 



in x(^) a t 15 K-20 K are also observed^ Since the inter- 
chain distance increases with increasing n,— comparison 
of the above results for the n = 1 materials SraTCrOe 
(T = In, Sc, Y, Ho-Yb, and Lu) and our n = 2 material 
Sr4Cr30g suggests that the quasi-one-dimensional char- 
acter for the Cr-containing materials increases with in- 
creasing n because the interchain interaction weakens due 
to the increased interchain distance. The Ni-containing 
compounds Sr3NiIr06 and Sr3NiPtOg also show predom- 
inantly antiferromagnetic interactions as evidenced by a 
negative Weiss temperature 9 obtained from Curie- Weiss 
fits to x{T) data. 2 '- These Ni materials also show maxima 
in their x(^) data but the temperature of the maximum 
is T = 80 K and 25 K for Sr 3 NiIr0 6 and Sr 3 NiPt0 6 , 
respectively? 2 ^ The predominantly antiferromagnetic in- 
teractions within chains in the above materials is in con- 
trast to the Co-containing materials of this family of com- 
pounds which all show predominantly ferromagnetic ex- 
change interactions within the Co chains. 22 ' 23 



V. CONCLUSION 

We have synthesized polycrystalline samples of the 
spin-chain compound S^C^Og and studied their struc- 
tural, magnetic and thermal properties using sintered 
pellet and annealed arc-melted samples. The x{T) data 
for both samples show low-dimensional magnetic behav- 
ior with a broad maximum at T max = 250 K for the sin- 
tered pellet and T max = 265 K for the arc-melted sample 
indicating the onset of dominant short-range antiferro- 
magnetic order. There are two anomalies in the x(T) 
data at T\ = 13.5 K and T2 = 7.5 K for both samples 
suggesting the onset of long-range magnetic order. The 
ZFC and FC x(^) data for both samples measured in 
a magnetic field H — 100 G show a bifurcation below 
Ti = 13.5 K. The C(T) data show only weak anomalies at 
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the temperatures of the corresponding magnetic anoma- 
lies and only a fraction (< 7%) of the expected magnetic 
entropy is recovered at these transitions indicating strong 
short-range order above these temperatures. These re- 
sults point to a strong low dimensional character of the 
magnetic exchange interactions in this material. 
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